Properties of two DNA topoisomerases isolated from cauliflower inflorescence were further investigated using negatively supercoiled pBR322 DNA and its relaxed form as the substrates.
INTRODUCTION
The inflorescence of cauliflower (Brassica oleracea var. botrytis) exhibits hypertrophic differentiation with rapid growth by mitotic divisions. The apical portion of the inflorescence consists of small undifferentiated cells and the relative DNA content is much higher than the underlying axial tissues (Fukasawa and Hamada 1974) . In a previous paper (Fukata and Fukasawa 1982) , we partially characterized distinct types of DNA topoisomerases (ATPindependent and -dependent enzymes) isolated from the apical tissues of cauliflower inflorescence. Both of the enzymes show the activity to relax closed circular superhelical DNA, but not the capacity to make supercoiling even at the presence of ATP. The ATP-independent enzyme (topoisomerase-I) appeared to belong basically to the same type as the ones from other eukaryotic as well as prokaryotic organisms, but the property of the ATPdependent enzyme (topoisomerase-II) was somewhat different from those of animal tissues and prokaryotic organisms. We have further investigated the characteristics of the more purified two DNA topoisomerases of cauliflower and discovered that both enzymes equally have a capacity to relax positively as well as negatively supercoiled DNA, but the electrophoretic behaviours of the reaction products were different from each other. It was also revealed that simultaneous breaking and rejoining of DNA strands was catalyzed by topoisomerase-I only at the single-strand level of the duplex DNA topoisomerase-II at the double-strand level.
but by
MATERIALS AND METHODS

Materials:
Fresh cauliflower heads, weighing about 400 g, were purchsed in a local market. The apical portions of the heads were dissected into small pieces (about 2 mm in thickness from the surface), and were used for the enzyme extraction immediately or after storing at -60° C. Chemicals were purchased from: CM-Sephadex (C-25), Pharmacia Fine Chemicals; hydroxyapatite, Japan Biochemical Co.; Agarose powder (H 14), Takara Shuzo Co. LTD; and ethidium bromide, Nakarai Chemicals, Japan. The DNA-cellulose was prepared with heat-denatured calf -thymus DNA by the method described by Litman (1968) . Plasmid pBR322 DNA was purified according to the procedures described by Oka (1978) .
Assay for DNA topossomerase activity: The activity was assayed based on the relaxation of negatively supercoiled pBR322 DNA, monitored by agarose gel electrophoresis.
The standard reaction mixture (25 gcl) was composed of 50 mM Tris-HCI, pH 8.0, 10 mM MgCl2,1 mM ATP, 1 mM dithiothreito1,160 ;ug/ ml of bovone serum albumin, 0.2-0.3 ag of pBR 322 DNA, and 5 pl of enzyme solution. The mixtures were incubated for 60 min at 35° C, and the reaction was stopped by adding 2 ul of 10% sodium dodecyl sulfate containing 25 glycerol and 0.25 mg/ml of bromophenol blue. The DNA was then analyzed by gel electrophoresis in a 3 X 180 X 195 mm slab of 1.0% agarose with Trisborate-EDTA buffer (89 mM Tris, 89 mM borate, 2.5 mM EDTA). After 2.5 h electrophoresis at 80V, the slab was stained with l ,ug/ml of ethidium bromide for 10 min, and was washed with distilled water. The slab was photographed using a long wave ultraviolet lamp (type C-62, Ultraviolet Products, Inc.) and Polaroid type 665 film through three layers of 23 A filter.
Preparation
of DNA topoisomerases: DNA topoisomerases were prepared from cauliflower head by procedures described in a previous paper (Fukata and Fukasawa 1982) , which include homogenization of fresh tissues in TEMbuffer (50 mM Tris-HCI, pH 8.0,1 mM EDTA, 5 mM mercaptoethanol), removal of nucleic acids by 10% polyethylene glycol containing 2 M NaCI, and precipitated with ammonium sulfate. Two distinct enzymes, ATP-independent and -dependent, were separated from each other by CM-Sephadex colum chrmatography.
ATP-independent enzyme activity (topoisomerase-I) was eluted at 0.3-0.65M KCI, and ATP-dependent enzyme activity (topoisomerase-II) at 0.1-0.18M KCl in the buffer. The two enzyme fractions were subjected to hydroxyapatite column followed by DNA-cellulose column chromatography. Their specific activities were 150,000 units for topoisomerase-I and 60,000 units for topoisomerase-II.
One unit of DNA-relaxing activity is defined as the amount catalyzing the conversion of 0.2 pg of supercoiled pBR 322 DNA to the relaxed form in 60 mm at 35°C.
of relaxed pBR 322 DNA: Negatively supercoiled pBR 322 DNA isolated from E, coli was incubated with DNA topoisomerase-I from cauliflower under the standard reaction condition, excepting that DNA concentration was 0.1 mg/ml, and then the reaction was quenched by extracting twice with neutralized phenol. The relaxed form of DNA was precipitated from the aqueous phase by adding two volumes of ethanol. By another procedures, relaxed pBP322 DNA was also prepared as follows: supercoiled DNA was nicked with S1 nuclease, incubating 100 units of 51 nuclease and 50 pg of DNA for 25 min at 35°C in a reaction mixture of 25 pl in a buffer containing 4M mM sodium acetate (pH 4.5) and 0.04 mM ZnSO4. The reaction was quenched by extracting twice with neutralized phenol and DNA was precipitated from the aqueous layer by adding two volumes of ethanol. The S1-nicked DNA of 5 pg was ligated with one unit of T4-ligase in a standard reaction condition for 60 mm at 35°C.
Isolation o f pBR 322 DNA with a unique linking number: Preparation was done basically according to the method described by Liu et al. (1980) . Nagatively supercoiled pBR 322 DNA (24 pg/ml) was incubated with topoisomerase-I from cauliflower in the standard reaction mixture containing 0.4 pg/ml of ethidium bromide at 35°C for 60 min. After electrophoresis, the agarose gel was sliced into small strips, each of which contained an individual DNA band. Each gel strip was transferred to a dialysis bag containing the electrophoresis buffer, and the DNA molecules were eluted from the gel into the buffer by electophorecing at 80V for 120 min. The polarity of the electrodes was reversed for 45 sec just before removing the dialysis bag. After the phenol treatment, 40 pg/ml of yeast tRNA was added as the carrier, and was precipitated by adding sodium acetate (0.1M) and ethanol (67%), and was dissolved in 50 pg of the buffer.
RESULTS AND DISCUSSION
(1) Relaxation of positively supercoiled DNA To test the effect of DNA-relaxing activity of the cauliflower enzymes on positively supercoiled DNA, we prepared relaxed pBR 322 DNA by topoisomerase-I as described in Materials and Methods. This relaxed DNA turns into positively supercoiled conformation in the standard reaction medium containing ethidium bromide (1 pg/ml). The molecules of this positive-coil substrate relaxed by the enzyme becomes negatively supercoiled upon the removal of the dye, while the molecules unreacted return into relaxed form (Attardi et al. 1981) . Therefore, the positively supercoiled DNA was treated with cauliflower DNA topoisomerase-I or -II. Ethidium bromide was then removed by shaking with the same amount of n-butanol, and this sample was subjected to agarose gel electrophoresis.
Control samples (negatively supercoiled DNA) migrated to the region of relaxed form (Fig. 1 b, c) after the reaction with topoisomerase-I in the absence of ethidium bromide, as described in a previous paper (Fukata and Fukasawa 1982) . While, the relaxed DNA (positively supercoiled in the reaction medium containing ethidium bromide) migrated to the position of supercoiled form (Fig. 1 e, f) after reacted with topoisomerase-I in the absence or presence of ATP, but the unreacted substrate returned to relaxed conformation (Fig. 1 d) . This means that topoisomerase-I catalyzes to relax the positively supercoiled DNA. The control sample (negatively supercoiled DNA) reacted with topoisomerase-II in the absence of ATP remained in the supercoiled form ( Fig. 1 b' ). Relaxed DNA samples (positively supercoiled in the reaction medium containing ethidium bromide) reacted with topoisomerase-II in the absence of ATP remained in the relaxed form ( Fig. 1 e') . While, at the presence of ATP in the reaction mixture, the same substrate reacted with topoisomerase-II migrated to the region between supercoiled and relaxed form ( Fig. 1 f' ). When the dye concentration was increased to 2.0 ~Cg/ml, the reaction product by topoisomerase-II migrated to the same position as control supercoils (data not shown). This indicates that topoisomerase-II could also convert positively supercoiled DNA into relaxed form. It is reported that DNA topoisomerase-I and -II from other eukaryotic organisms and T4 topoisomerase (ATP-dependent) also catalyze the relaxation of both negatively and positively supercoiled DNA (Attardi et al. 1981; Keller 1975; Baase and Wang 1974; Champoux and Delbecco 1972; Hsieh and Brutlag 1980; Liu et al. 1979) . The physiological meanings of the relaxation of positively supercoiled DNA is not yet clear, but it is considered that positive supercoiling would be accumulated in the unreplicating region of the molecule during the DNA replication, and topoisomerase might serve as the agent to remove such positive superhelical turns.
(2) Difference of topoisomerase-I and -II in their reaction products
As the experiments described above have shown that the reaction products by the catalysis of topoisomerase-I and -II are different in electrophoresic behaviour ( Fig. 1 e, e', f, f'), we performed another series of experiments. Negatively supercoiled DNA was incubated with topoisomerase-I or -II in the presence of ATP and various amount of ethidium bromide (0.0-1.0,ag/ml), expecting to generate relaxed form of DNA in various degrees of superhericity in correspondence with the concentration of the dye. After the removal of ethidium bromide, the DNA was subjected to electrophoresis.
As seen in Fig. 2 , the sample treated with topoisomerase-I at relatively low concentration of the dye migrated mostly to the position of relaxed form, and the sample treated with the enzyme at higher concentration of the dye migrated to higher supercoiled region corresponding with the dye concentration.
At the concentration of 1;ug/ml, most of substrate migrated to the supercoiled position. This means that the DNA which had been relaxed under the presence of 1 ~Cg/ml of the dye was not react with topoisomerase-I, and returned to negative supercoils by the removal of the dye. While, the same sample incubated with topoisomerase-II exhibited different pattern from the corresponding plot with topoisomerase-I. Samples reacted with the latter enzyme Fig. 2 . Electrophoretic patterns of pBR322 DNA reacted with cauliflower topoisomerases varying amounts of ethidium bromide. Negatively supercoiled DNA was incubated with topoisomerase-I (lanes a-1) and with topoisomerase-II (lanes a'-l') in the various concentrations of ethidium bromide. The concentration increases from left to right and ranges from 0 to 1.0 ~Cg/ml at intervals of 0.1,ig/ml. Lanes a and a' are the control plot without enzyme.
in relatively higher concentration of ethidium bromide migrated to the region between supercoils and relaxed DNA depending on the dye concentrations ( Fig. 2 i-1) , even at the concentration of 1 pg/ml.
To analyze the differences of the products catalyzed by topoisomerase-I and -II , respective samples were subjected to MgCl2-containing gel electrophoresis at 4°C. Under this condition, supercoiled DNA becomes more negative or less positive supercoiling (Shure and Vinograd 1976; Attardi et al. 1981) . As shown in Fig. 3 , in experiment performed at low temperature substrates migrated more supercoiled position than one done at room temperature in the case of topoisomerase-I, while the mobility of substrates of low temperature experiment was lower than those of room temperature in the case of topoisomerase-II.
This fact may lead to a concept that topoisomerase-II has a capacity to induce positive supercoiling, but it may not be right since the actual products by this enzyme behave like the relaxed DNA prepared by S1 nuclease/ligase-treatment as described in Materials and Methods. Therefore, it should be considered that most of the reaction product by topoisomerase-II is fully relaxed in the reaction medium, while the product by topoisomerase-I is slightly supercoiled.
(3) Changes in linking number of DNA by cauliflower topoisomerases It is well documented that type I DNA topoisomerase acts by catalyzing the simultaneous breaking and rejoining of single-strand in the duplex DNA, while type II DNA topoisomerase catalyzes breaking and rejoining of double strands simultaneously (Liu et al. 1979) . Whether the breaking occurs on single-strand or double-strands can be elucidated by the following test. If superhelical DNA molecules with a unique linking number (arbitary designated linking number, n) were catalyzed by type I topoisomerase, the linking number of DNA changed from n to n +1, n + 2, and n + 3, While, if type II DNA topoisomerase catalyzed the DNA, the linking number changed in steps of 2 from n to n + 2, and n + 4 Miller 1981` Miller et al. 1981) . To examine this prediction on cauliflower enzymes, topoisomer of pBR322 DNA with a unique linking number, n and n +1, were prepared by procedures described in Materials and Methods. Each group of DNA molecule was incubated with cauliflower topoisomerase-I and -II in a standard reaction mixture, and electrophoresed.
As seen in Fig. 4 , it was detected on agarose gel electrophoresis that topoisomerase-I changed the linking number by step one from n to n + 1, while topoisomerase-II changed by steps 2 from n to n+2. Therefore, cauliflower DNA topoisomerase-I catalyzes simultaneous breaking and rejoining of single-strand of DNA double-helix as described on type I DNA topoisomerase from other organisms, and cauliflower DNA topoisomerase-II breaks and rejoins double-stranded DNA simultaneously as similar to other ATP-dependent DNA topoisomerase (type II) does. The role of topoisomerase-I and -II in relation to their catalytic properties is not yet clear and further studies are required. Fig. 4 . Changes in linking number of superhelical DNA by cauliflower topoisomerases. pBR322 DNA with a unique linking number, n, and n+1, were reacted with topoisomerase-I (lanes b and c) and -II (lanes b' and c') in the standard reaction mixture at 35°C for 3 min, and then electrophoresed.
Lanes a and a', linking number, n, without enzyme; lanes d and d', linking number, n+1, without enzyme; lanes b and b', linking number, n; lanes c and c', linking number, n+1.
